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The spatial arrangement and chemical reactivity of the activation-dependent thiol in the mitochondrial Complex I was studied using the
membrane penetrating N-ethylmaleimide (NEM) and non-penetrating anionic 5,5′-dithiobis-(2-nitrobenzoate) (DTNB) as the specific inhibitors of
the enzyme in mitochondria and inside-out submitochondrial particles (SMP). Both NEM and DTNB rapidly inhibited the de-activated Complex I
in SMP. In mitochondria NEM caused rapid inhibition of Complex I, whereas the enzyme activity was insensitive to DTNB. In the presence of the
channel-forming antibiotic alamethicin, mitochondrial Complex I became sensitive to DTNB. Neither active nor de-activated Complex I in SMP
was inhibited by oxidized glutathione (10 mM, pH 8.0, 75 min). The data suggest that the active/de-active transition sulfhydryl group of Complex I
which is sensitive to inhibition by NEM is located at the inner membrane–matrix interface. These data include the sidedness dependency of
inhibition, effect of pH, ionic strength, and membrane bilayer modification on enzyme reactivity towards DTNB and its neutral analogue.
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The mitochondrial NADH:ubiquinone oxidoreductase (res-
piratory Complex I) serves as the main entry point for reducing
equivalents to the respiratory chain and as an energy-
transducing device. Mammalian Complex I is composed of
at least 46 different polypeptides [1]. In bacteria, structurally
and functionally homologous enzymes (NDH-1) that bound to
the plasma membrane comprises a minimal set of 13−14
subunits [2–4]. The number of subunits in Complex I in other
eukaryotes different in evolutionary lineages has been recently
determined: fungi, Yarrowia lipolytica (37) [5] and Neurospora
crassa (39) [6], algae, Chlamydomonas reinhardtii (31) [7],Abbreviations: NEM, N-ethylmaleimide; DTNB, 5,5′-dithiobis-(2-nitro-
benzoate); DTNP, 2,2′-dithiobis-(5-nitropyridine); DTT, dithiothreitol
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doi:10.1016/j.bbabio.2006.04.016and plant, Arabidopsis thaliana (30) [8]. The basic catalytic
properties of the mammalian [9], fungal [10] and bacterial [11]
enzymes are remarkably similar. These include turnover
number, Km and Ki for substrates and inhibitors and also
thermodynamic efficiency of energy transduction [12,13]. The
functional role of the ∼16−32 supernumerary subunits in
eukaryotic Complexes I thus remains to be established.
The central position of Complex I in the metabolic network
implies that the enzymes activity must be finely regulated both
in long-term scale at the level of its biogenesis and in shorter-
term scale via covalent modification or alteration of its catalytic
capacity by certain specific ligands. An obvious although
somewhat general suggestion, for the function of the super-
numerary subunits is that they are required for the enzymes
regulation. Little is known, however, about the regulatory
mechanisms of Complex I. Evidence has been reported that the
nuclear encoded bovine heart 18 kDa subunit (AQDQ)
containing phosphorylation consensus site (RVS) at 129–131
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[14]. Cholera toxin-induced phosphorylation of this subunit in
mouse fibroblast culture was associated with an increase of
respiration with NAD-linked substrates [15] and it has been
proposed by Papa and his associates that the mammalian
Complex I activity is under control of the cAMP-cascade [16].
Walker's group found two c-AMP-dependent phosphorylated
subunits in bovine heart Complex I which were identified as
6 kDa, MWFE, and 18 kDa, ESSS [17]. Recently, the 42 kDa
subunit phosphorylated at serine-59 have been identified in
bovine heart Complex I isolated from mitochondria without
prior protein kinase treatment [18,19].
Another possible regulatory mechanism that may operate
under physiological conditions is the slow reversible
interconversion between the catalytically active (A) and
inactive (D) forms of Complex I [20]. Incubation of
Complex I at elevated temperature under conditions where
enzyme turnover is not permitted either because ubiquinone is
fully reduced or because NADH is absent, results in a slow
decline of enzyme activity measured as the initial rate of the
NADH:quinone reductase or oxidase reactions, the process
operationally called de-activation. The A to D transition for
the mammalian enzyme is extremely sensitive to temperature
[21] and it is easily detectable only at >30 °C. The D to A
transition proceeds (also slowly) when enzyme turnover is
permitted and a lag-phase in onset of the catalytic activity is
seen when NADH oxidation is initiated by the D-form
[21,22]. The duration of this lag is strongly pH-dependent and
activation is inhibited by bivalent cations (Ca2+, Mg2+) [22]
and by free fatty acids [23].
The A/D transition for mammalian Complex I has been
demonstrated for preparations of different degrees of resolution:
i.e., purified Complex I [24], submitochondrial particles [21],
intact rat heart mitochondria [25] and, perhaps most impor-
tantly, in ex vivo experiments on perfused rat hearts during
anoxia–oxygen reperfusion cycles [26]. The phenomenon with
some variations in the particular kinetic parameters has also
been documented for fungal mitochondrial Complex I (N.
crassa [10,27], Y. lipolytica [27]) and for mitochondrial
preparations obtained from a number of vertebrate and
invertebrate species [27]. The “simpler” prokaryotic NADH:
quinone oxidoreductases (NDH-1) composed of only 14 “core”
subunits (Paracoccus denitrificans [10,28], Rhodobacter
capsulatus [11]) do not show any sign of the A/D transition
implicating the eukaryotic supernumerary subunits in the
phenomenon. The most prominent difference between the A-
and D-forms of Complex I besides their catalytic capacity is
seen as their different sensitivity to SH-reagents: the D-form is
rapidly and irreversibly inactivated by NEM whereas the A-
form is insensitive to NEM if treated at a temperature which is
low enough to be not permissive for the de-activation [22,29].
In fact, the sensitivity of NADH oxidation to prior treatment
with NEM at 15 °C is a measure of the fractional de-activation
of any particular preparation of Complex I. The differential
labeling of A- and D-forms by fluoresceine-maleimide have
shown that a small-peptide preliminary assigned as IP-15
(nomenclature used for bovine heart Complex I) becamesusceptible for alkylation when the enzyme is converted into
its D-form [29].
Protein sulfhydryl groups are sensitive reactive sites for
interaction with NO, oxygen free radicals and oxidized
glutathione, the natural species which are thought to play
important roles in a number of pathophysiological states. The
present studies were undertaken to gain information on the
topography and chemical reactivity of the A/D-transition-
sensitive sulfhydryl group(s) (A/D-SH) in mitochondrial
Complex I.
2. Materials and methods
Bovine heart submitochondrial particles (SMP) were prepared [21] and
their NADH:ubiquinone oxidoreductase (Complex I) was activated [30] as
described. The NADH oxidase activity was determined as a decrease of
absorption at 340 nm with 100 μM NADH in the standard assay mixture
comprising of 0.25 M sucrose, 1 mM EDTA, 50 mM Tris/Cl−(pH 8.0) and the
enzyme preparation (∼10 μg protein/ml). Complex I was de-activated by
incubation of SMP in 0.25 M sucrose, 1 mM EDTA, 50 mM Tris/Cl−(pH 8.0)
for 15 min at 37 °C.
Rat heart mitochondria were isolated from trypsin-treated muscle essentially
as described [31]. The mitochondria were suspended in 0.3 M sucrose, 10 mM
HEPES, 0.2 mM EDTA (pH 7.4) and stored on ice.
As a compromise in order to obtain the highest quality preparations of
mostly intact mitochondria rat hearts were used, whereas, to obtain inside-out
SMP bovine heart material was used. This assumes that there is no significant
difference in the spatial arrangements and structure of Complex I in the
mitochondrial membranes from Bos taurus and Rattus rattus.
Protein content was determined with biuret reagent using BSA as the
standard.
All fine chemicals were purchased from “Sigma”, USA. The experimental
details are indicated in the legends to the figures and tables.3. Results
3.1. Total content of DTNB-reactive thiols in mitochondria and
SMP
NEM and its fluorescent derivative, F-NEM, are SH-
reagents which are likely to be membrane-penetrating and
have been used in our previous studies on the A/D transition-
sensitive thiol(s) in Complex I [22,29]. Thus, no topographical
assignments of the A/D-SH could be made. DTNB was chosen
as the SH-reagent in these studies in order to gain insight into
the topography of the A/D-SH because the reagent is a dianion
over a wide range of pH [32] and thus is hardly expected to
penetrate the inner mitochondrial membrane. It has been shown
that alamethicin, the pore-forming antibiotic, makes the inner
mitochondrial membrane permeable for NADH, succinate, and
ATP with no loss of the matrix-located proteins or gross
alterations of the mitochondrial structure [33]. Alamethicin was
used in the present studies as a tool to establish the spatial
location of the A/D-SH in the mitochondrial preparations. The
total amount of DTNB-reactive SH-groups in SMP and intact
mitochondria were measured before and after their permeabi-
lization for the low molecular mass components (Table 1). As
expected, alamethicin greatly increased the amount of DTNB-
reactive thiols in mitochondria whereas no significant effect was
seen in SMP. Solubilization of the membranes by Triton X-100
Table 1
Content of DTNB-reactive thiols in the mitochondrial preparations a
DTNB-reactive groups (nmol per mg of protein)
Without alamethicin Pretreated with alamethicin b
Rat heart mitochondria 16±2 40±2
+Triton X-100 48±2 −
Bovine heart SMP 16±2 16±2
+Triton X-100 35±2 35±2
a Rat heart mitochondria or bovine heart submitochondrial particles (0.2 mg/
ml) were suspended in 0.25 M sucrose, 1 mM EDTA, 50 mM Tris/Cl−, pH 8.0.
Alamethicin (30 μg/ml) and Triton X-100 (1%) were added where indicated.
DTNB (2·10−4 M, 1 μmol/mg of protein) was added and absorption increase at
412–510 nm was traced. The final absorption change reached after the reaction
has been completed (∼30 min) was used for calculations of the total thiols
content in the samples.
b MgCl2 (2.5 mM) was added with alamethicin. It has been noted that Mg
2+ is
required for efficient permeabilization of mitochondria by alamethicin [25,33].
Fig. 1. Effect of permeabilization on inhibition of the de-activated Complex I by
SH-reagents in mitochondria. Rat heart mitochondria (1 mg protein/ml) were
incubated in 0.25 M sucrose, 0.2 mM EDTA, 1.5 mM potassium succinate,
50 mM Tris/Cl−(pH 8.0) at 37 °C for 1 h in 2 ml closed vessels filled by the
reaction medium up to the rubber stopper to prevent contact with air. The
anaerobic samples were then placed in a thermostat at 15 °C and the inhibitors
(0.5 mMNEM or DTNB) were injected by syringes through the rubber stoppers.
The incubation was continued for 30 min. Alamethicin (20 μg/ml) and MgCl2
(0.6 mM) were injected into the samples (B) just before the inhibitors. The
samples were diluted 5 times with the reaction medium and mitochondria were
precipitated (1 h at 16,000 r.p.m., Beckman JA-20 rotor). The pellets were
suspended in 0.25 M sucrose, 1 mM EDTA, 50 mM Tris/Cl−(pH 8.0) and the
NADH oxidase activity was measured at 30 °C in a reaction mixture of 0.25 M
sucrose, 0.2 mM EDTA, 0.6 mM MgCl2, 20 μg/ml alamethicin,
100 μM NADH, 50 mM Tris/Cl−(pH 8.0) and 20–30 μg of protein/ml. Only
slight inhibition (about 15%, the data are not shown) of the NADH oxidase
activity by NEM and DTNB was seen in the samples incubated aerobically
(open well stirred vessels) and further treated as described above. One hundred
percent corresponds to the specific NADH oxidase activity (0.6 μmol/min/mg of
protein) of untreated anaerobic mitochondria.
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mitochondria and SMP showing that the SH-reactivity depends
not only on permeability of the membranes but also on steric
constraints due to specific arrangements of the thiol-groups
within the native structure of proteins. The content of Complex I
in SMP and in mitochondria is within the range of 0.1–0.2 nmol
per mg of protein [25], a value which amounts to at most 0.9%
of the total DTNB-reactive SH-groups (40 and 16 nmol per mg
of protein for alamethicin-treated mitochondria and SMP,
respectively, Table 1). This was taken into account when
kinetics of the inhibitory effects of DTNB and other SH-
reagents on Complex I activity were studied in the experiments
reported below.
3.2. Location of A/D-SH in mitochondria
To establish the location of the A/D-SH in mitochondria we
compared the effect of alamethicin on the inhibition of Complex
I by the penetrating (NEM) and presumably non-penetrating
(DTNB) SH-reagents. An excess of either inhibitor (over the
total content of the reactive thiols, Table 1) was added to the
samples of mitochondria where Complex I was de-activated by
preincubation under strictly anaerobic conditions at elevated
temperature (see Materials and methods and Ref. [25]). The
results depicted in Fig. 1 show that permeabilization of the inner
membrane greatly potentiated the inhibitory effect of DTNB
whereas NEM inhibited the enzyme with equal efficiency in
intact and permeabilized preparations. No substantial inhibition
of the active Complex I by either reagent was seen in the
presence or absence of alamethicin. These findings show that
the A/D-SH is located in the mitochondrial matrix and no SH-
groups essential for the catalytic activity of Complex I are
exposed at the cytosolic (intermembraneous space) side of
mitochondria.
3.3. Chemical reactivity of the A/D-SH
The chemical reactivity of free thiol groups in the native
proteins towards the specific reagents is quite variable being
dependent on a number of factors such as the steric
accessibility, hydrogen bond formation and the specificmicroenvironment of a given SH-group. To obtain insight
into the reactivity of the A/D-SH we examined the inhibitory
efficiencies of different SH-reagents on the D-form of
Complex I in inside-out SMP. The pseudo-first order rate
constants of the time-dependent irreversible inhibition of
Complex I were determined for those reagents as exemplified
by the experiments with DTNB (Fig. 2). Inhibition of the D-
form followed simple first order kinetics both in terms of the
time-dependency and the SH-reagent concentration if an
excess of the latter (over the total SH-group content in SMP)
was added to the thermally de-activated enzyme. Almost no
inhibition was seen when pre-activated SMP were exposed to
DTNB (Fig. 2A, upper curve). Slight inhibition (about 15%)
corresponds to the ratio between A- and D-forms at the
equilibrium reached after turnover-dependent activation of
Complex I [34]. The inhibition of de-activated Complex I by
DTNB was completely reversed by an excess of SH-containing
dithiothreitol (DTT). Qualitatively the same inhibitory patterns
were observed for other SH-reagents (NEM and DTNP, the
uncharged analogue of DTNB) except that the NEM-induced
Fig. 2. Kinetics of DTNB-induced inhibition of Complex I in inside-out SMP
(A). Preactivated (A-form) or de-activated (D-form) SMP (1 mg/ml) were
incubated in 0.25M sucrose, 1 mMEDTA, 50 mMTris/Cl−(pH 8.0) and 200 μM
DTNB at 15 °C. The residual NADH oxidase activity was assayed at 30 °C in the
same mixture without DTNB containing 100 μM NADH and uncoupler
(gramicidin D, 0.05 μg/ml). 5 mMDTTwas added where indicated. A lag-phase
in onset of NADH oxidase activity was seen when de-activated samples were
assayed. All the activities were estimated after the rate of NADH oxidation had
reached a constant level (∼30 s after the reaction was initiated by the addition of
SMP) (B) Semi-log plots for the data shown for D-form in (A) at different DTNB
concentrations.
Table 2
Reactivity of different SH-reagents towards A/D transition-sensitive SH-group
of Complex I in SMP (25 °C)
SH-reagent Pseudo-first order rate constant
(M−1·min−1·104)
Relative
reactivity
(ki/kDTT)Inhibition of
Complex I (ki)
Reaction with
DTT a (kDTT)
DTNB (standard buffer) b 0.30 6.0 0.05
+KCl (100 mM) c 0.70 7.0 0.10
+SDS (200 μM) 0.17 6.0 0.03
DTNP (standard buffer) b 50 69 0.72
+KCl (100 mM) c 100 80 1.25
+SDS (200 μM) 25 69 0.36
Oxidized glutathione
(10 mM, 75 min, pH 8.0) b
no inhibition not determined
a The reaction was carried out with 1 μMDTT and 10 μMDTNB or DTNP in
the standard buffer (see Fig. 2) at pH 7.0. At this pH the reaction proceeded slow
enough for reliable rate constant determination.
b The rate constants were determined as described in Fig. 2. Concentrations of
DTNB and DTNP were 200 μM and 1 μM and protein content in the samples
was 1 mg/ml and 10 μg/ml, respectively.
c Other salts (NaCl, RbCl, Sodium acetate) showed almost the same effect on
the rate constants.
Fig. 3. Protective effect of DTNB against on irreversible inhibition of Complex I
by NEM. De-activated SMP (1 mg/ml) were incubated in 0.25 M sucrose, 1 mM
EDTA, 50 mMTris/Cl−(pH 8.0) in the presence or absence of 0.5 mMDTNB for
10 min at 25 °C, precipitated by centrifugation and suspended in the same buffer.
The samples were then subjected to NEM treatment (0.5 mM, 5 min 25 °C),
precipitated and suspended in the same buffer containing 5 mM DTT (where
indicated as: +DTT) to remove DTNB. NADH oxidase activity was assayed at
30 °C as described in Fig. 2.
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pseudo-first order rate constants for DTNB and DTNP are
summarized in Table 2. We were unable to observe any
inhibition of either A or D forms of the membrane-bound
Complex I by oxidized glutathione, a natural disulfide which is
potentially capable of participation in thiol-disulfide exchange
reactions. The following Complex I specific ligands also had
no effect on the reactivity of DTNB towards the D-form of
Complex I: NAD+ (2 mM), ADP-ribose (0.25 mM), capsaicin
(0.2 mM).
Prior treatment (inhibition) of de-activated Complex I by
DTNB followed by removal of the inhibitor (see Fig. 2A)
protected the enzyme against irreversible inactivation by NEM
(Fig. 3), thus showing that both DTNB and NEM modify the
same sulfhydryl group(s).
The reactivity of the A/D-SH towards alkylating NEM or
thiol–disulfide exchange reagents as such tells little about thelocal environment of that particular sulfhydryl. More informa-
tion can be obtained if the relative reactivities towards
negatively charged hydrophilic DTNB and its neutral more
hydrophobic analogue, DTNP, a reagent interacting with SH-
groups by the same thiol–disulfide exchange mechanism [35],
are compared. The rate of inhibition, i.e., SH-reactivity depends
on susceptibility of the inhibitor disulfide bridge sulfur to
nucleophilic substitution by the mercaptide anion of the protein
thiol. This parameter is different for DTNB and DTNP [32,35]
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seems meaningful only if normalized to their relative reactiv-
ities with a “standard” thiol. Thus the pseudo-first order reaction
rate constants for the inhibition of Complex I by DTNB and
DTNP and those for the reactions with a “standard” neutral
thiol, DTT, were compared. Table 2 shows that DTNP reacted
with DTT about 170 times faster than DTNB did and the
normalized reactivity of DTNP towards A/D-SH was still about
14 times higher than that of DTNB (0.72 versus 0.05, last
column). This suggests that the A/D-SH is located in a relatively
hydrophobic and negatively charged local environment. It has
been shown that only the rotenone-sensitive ubiquinone
reduction is affected by the A/D-transition, while the reactivity
of Complex I towards artificial hydrophilic electron acceptors
such as ferricyanide or hexaammineruthenium (III) is not
sensitive to NEM in either state of the enzyme [9,22]. It seemed
thus reasonable to propose that A/D-SH is located in close
vicinity to the ubiquinone-reactive site(s), i.e. at the matrix–
membrane interphase. If correct this proposal predicts that an
increase of the membrane surface charge would decrease the
reactivity of the A/D-SH because of the electrostatic effect on its
deprotonation (shift of apparent pKa). Indeed, lauryl sulphate
previously used to modify the mitochondrial membrane in SMP
[36] decreased the inhibition rate while the effect on the reaction
with DTTwas negligible. Also, as expected, an increase of ionic
strength resulted in a considerable increase of the A/D-SH-
reactivity presumably due to the secondary salt effect. Another
prediction of the model is that the apparent pKa for the A/D-SH
should be abnormally high due to the effect of local negative
charge on dissociation of the proton. The apparent pKa of a
particular SH-group can be determined from the pH-
dependency of its reactivity in the addition or substitution
reactions because of much stronger nucleophilicity of the
mercaptide anion than that of protonated thiol. The pH-profile
of DTNB–Complex I interaction is shown in Fig. 4. We were
unable to determine the apparent pKa of the A/D-SH because
the inhibition rate was strongly increased and not saturated upFig. 4. pH-Dependence of A/D-SH reactivity towards DTNB. De-activated
SMP (1 mg/ml) were treated with 40 μM DTNB at 25 °C as described in
Fig. 2 and the pseudo-first order inhibition rate constant were determined
from semi-log plots.to pH of 11, the highest value at which the inhibition time-
course could be reliably measured. Significant spontaneous
inactivation of the enzyme preparation and hydrolytic decom-
position of DTNB were observed at higher pH. Nevertheless
the data shown in Fig. 4 suggest that apparent pKa for the A/D-
SH is higher than 10.
4. Discussion
We have shown here that the A/D-SH is located at the
matrix protruding part of mitochondrial Complex I. The
pattern of its reactivities towards different SH-reagents and
their alteration by pH, ionic strength, and the membranotropic
modifier, lauryl sulphate, strongly suggest that this thiol group
(s) is (are) located at the inner membrane–matrix interface.
The structural rearrangements associated with the A/D
transition can be visualized as follows. The protonated A/D-
SH is located within the hydrophobic lipid bilayer when the
active form of the enzyme resides in the inner mitochondrial
membrane. At this state the A/D-SH is not reactive to either
hydrophilic (DTNB) or more hydrophobic (DTNP, NEM)
reagents because protonation drastically reduces the nucleo-
philicity of sulfur. De-activation of Complex I results in
relocation of the sulfhydryl group to the aqueous interface
where only a mercaptide anion which is in equilibrium with
its protonated form is highly reactive in the nucleophilic
addition (NEM) or thiol–disulfide exchange (DTNB, DTNP)
reactions. This model is in accord with the observation of a
strong decrease of the D-to-A transition at alkaline pH [22]. It
should be noted that similar phenomenology of the A/D-SH
reactivity would also be seen if it is located elsewhere than at
the membrane–matrix interface, such as in a matrix exposed
part of the protein in close vicinity to negatively charged
amino acid residues. However, this seems unlikely because,
as it is mentioned above, the A/D-transition deactivates the
ubiquinone-reactive site leaving the reactions with the
hydrophilic electron acceptors unaffected. The final conclu-
sion on exact location of A/D-SH should wait until the
peptide which contains this sulfhydryl will be identified and
complete atomic structure of mammalian Complex I will be
available.
We were unable to see any inhibition of either active or de-
activated membrane-bound Complex I by oxidized glutathione.
The reversible glutathionylation of 51 and 75 kDa subunits of
Complex I correlated with inhibition of its rotenone-sensitive
activity and increased superoxide production have been
reported [37]. The apparent discrepancy between the results
of Taylor et al. (Fig. 4a, Ref. [37]) and those reported here
(Table 2) are not clear and may be explained by differences in
enzyme preparations and experimental conditions employed by
the two groups. The insensitivity of Complex I to oxidized
glutathione as reported here does not exclude the possibility that
the intramitochondrial GSH/GSSG ratio may affect the enzyme
catalytic capacity. Clearly GSH would protect the A/D-SH in
the de-activated Complex I against its modification (reversible
or irreversible) by any natural SH-reactive species via a simple
competition mechanism.
1160 I.S. Gostimskaya et al. / Biochimica et Biophysica Acta 1757 (2006) 1155–1161An exposure of highly reactive SH-group(s) in the D-form is
unlikely to be the only difference between the active and de-
activated Complex I. The exceptionally high activation energy
for the A-to-D-form transition in mammalian mitochondria
suggests by itself that gross structural rearrangements of the
protein are involved. For example, it has been reported that the
29.9 kDa subunit of N. crassa Complex I is also involved in the
A/D-transition [38]. It might be expected that the sensitivity of
the enzyme to other than SH-targeted regulatory signals, such as
multiple site-directed protein phosphorylation/dephosphoryla-
tion events [14–19], would also be A/D-transition sensitive. The
structural heterogeneity of the mitochondrial Complex I due to
its A/D-transition evident from in vitro [20–25] and ex vivo
studies [26] seems to be an important factor which may
determine accessibility of particular amino acid residue for post-
translational regulatory modifications.
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